We previously developed a model-independent technique (non-parametric ntPET) for extracting the transient changes in neurotransmitter concentration from paired (rest & activation) PET studies with a receptor ligand. To provide support for our method, we introduced three hypotheses of validation based on work by Endres and Carson (1998 J. Cereb. Blood Flow Metab. 18 1196-210) and Yoder et al (2004 J. Nucl. Med. 45 903-11), and tested them on experimental data. All three hypotheses describe relationships between the estimated free (synaptic) dopamine curves (F DA (t)) and the change in binding potential ( BP). The veracity of the F DA (t) curves recovered by nonparametric ntPET is supported when the data adhere to the following hypothesized behaviors: (1) BP should decline with increasing DA peak time, (2) BP should increase as the strength of the temporal correlation between F DA (t) and the free raclopride (F RAC (t)) curve increases, (3) BP should decline linearly with the effective weighted availability of the receptor sites. We analyzed regional brain data from 8 healthy subjects who received two [ 11 C]raclopride scans: one at rest, and one during which unanticipated IV alcohol was administered to stimulate dopamine release. For several striatal regions, nonparametric ntPET was applied to recover F DA (t), and binding potential values were determined. Kendall rank-correlation analysis confirmed that the F DA (t) data followed the expected trends for all three validation hypotheses. Our findings lend credence to our model-independent estimates of F DA (t). Application of nonparametric ntPET may yield important insights into how alterations in timing of dopaminergic neurotransmission are involved in the pathologies of addiction and other psychiatric disorders.
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Introduction
The change in binding potential ( BP) between neuroreceptor PET scans under different conditions is often used to quantify the change in receptor occupancy caused by a change in neurotransmitter concentration. However, the binding potential (BP) is a complex integral measure of ligand binding over an entire study whose value reflects a nonlinear interplay of tracer kinetics and endogenous neurotransmitter. We have demonstrated previously that change in BP as a quantitative measure of neurotransmitter release is confounded by neurotransmitter timing (Yoder et al 2004) . That is, combinations of neurotransmitter timing can occur whereby the lesser release of neurotransmitter actually produces greater BP.
We have recently developed a non-parametric method to extract the timing of the change in neurotransmitter level . The method is based on singular value decomposition of PET signals from two scans: rest (neurotransmitter at baseline) and activation (neurotransmitter changing). The method is now referred to as non-parametric ntPET in order to distinguish it from an original parametric approach to the same problem developed in our lab, and entitled ntPET (neurotransmitter PET) (Morris et al 2005) . We have tested the non-parametric ntPET extensively with simulated [11C]raclopride (RAC) and dopamine (DA) kinetics. We have also shown preliminary agreement between non-parametric ntPET and ntPET using experimental data. The non-parametric method can locate peak(s) of increases in DA concentration in time. Based on simulations of dynamic data sets that were binned into one-minute time frames, the accuracy of DA peak time localization was shown to be 1-2 min .
Previous work has produced theoretical relationships between BP and the kinetics of both the tracer and the neurotransmitter during activation (Endres and Carson 1998, Yoder et al 2004) . The linear-system theory behind non-parametric ntPET is separate and independent of compartmental model theory that led to the Endres and Carson result. In the present study, we sought to further validate the non-parametric ntPET method by assessing whether the extracted DA signals satisfied previously demonstrated relationships between measured BP and free DA concentration. Specifically, we tested three hypotheses based on the established relationships: (1) BP decreases with increase in the measured peak time of DA elevation, (2) BP increases with an increase in the correlation in time between free RAC and free DA (3) BP declines with an increase in the previously introduced (Yoder et al 2004) , effective weighted availability (EWA) of receptor sites. Relationships 1 and 3, above, have been introduced and proven with simulated data in previous work by (Yoder et al 2004) and . In section 2.3 we offer theoretical arguments for why we expect relationship 2 to be true. In addition, each hypothesis is first shown to be true using simulated data. Finally, validation is carried out by testing each hypothesis on real PET data. The real data were collected from 8 human subjects who were scanned with [11C]raclopride once at rest, and once during a pharmacologic challenge to provoke striatal DA release (i.e., a transient elevation in synaptic DA).
Theory

Non-parametric ntPET
The non-parametric method for the extraction of free DA (F DA (t)) signals has been described in detail in Constantinescu et al (2007) . In brief, the PET signals (PET curves in molar concentration units) from each scan were collected in N × M matrices, with M being the number of signals and N the number of samples. 
Change in binding potential and effective weighted availability
Endres and Carson derived a theoretical expression for the percent change in total distribution volume ( V) of a receptor tracer between REST and ETOH studies (Endres and Carson 1998) . The ensuing relationships apply to any displaceable radioligand in competition with an endogenous neurotransmitter. In this work, we deal with RAC and DA so, without loss of generality, we label variables pertaining to neurotransmitter as 'DA' and those pertaining to tracer as 'RAC'. If one assumes a two-tissue compartmental model to describe the bolus neuroreceptor tracer delivery and binding, the time-varying distribution volume, V(t), of RAC in the presence of a competitor DA, is given by
where F DA (t) is the time-varying concentration of free DA, K DA d is the affinity constant of the endogenous DA and B avail is the concentration of available receptor sites at steady state (Innis et al 2007) . k on and k off are the association and dissociation rates of the tracer. K 1 and k 2 , are the tracer influx/efflux rate constants between the plasma and the free tracer compartment. V(t) is time dependent because of the presence of time-varying neurotransmitter concentration. According to Endres and Carson (1998) , the fractional change in total distribution volume between the REST and ETOH scans will be
F RAC (t) is the molar concentration of free RAC in the tissue during ETOH scan. BP
is the binding potential resulting from the REST scan. The subscript 'ND' refers to nondisplaceable tracer. BP ND is equivalent to the equilibrium ratio of specifically bound to nondisplaceable tracer in tissue (Innis et al 2007) . In practice, binding potential (BP) is often used instead of V since it is a more direct indicator of specific binding. Based on their definitions, BP and
V . Equation (2) has been simplified (Yoder et al 2004) and expressed as a linear equation for BP as follows
where
The effective weighted availability (EWA) is an interaction term between the free RAC and free DA during the activation scan. As the EWA of receptor sites is driven to 0 by free DA, change in binding potential must go to a maximum (i.e., BP->1). The slope term, m, is a constant provided
Hypotheses testing
To assess the plausibility of theF DA (t) signals that have been extracted with non-parametric ntPET ('ˆ' indicates estimated), we have tested three expected trends that emerge from equation (3) or from its components.
(1) BP decreases with increasing peak time of theF DA (t) . It was shown in Yoder et al (2004) via simulations that, for elevations in DA that start after tracer injection, measured BP is lower for elevations with peak times occurring later in the scan. This can be inferred from the components of the integral in the definition of EWA. The amount of free RAC available to compete with DA for receptor sites decreases over time. For a given RAC curve, a late peak in DA will diminish EWA less than an early peak. Lower EWA will result in higher BP.
(2) BP increases with increased strength of the correlation in time between F RAC (t) and F DA (t). EWA combines the effects on receptor availability of both time-varying free RAC and time-varying free DA. Since the free RAC and the free DA compete for the same receptor sites, F RAC (t) is also a function of F DA (t). As the strength of the temporal correlation betweenF DA (t) and F RAC (t) increases, that is the peak of F DA occurs closer in time to the peak of RAC, the ratio F RAC (t)/F DA (t) will be significantly reduced at the peak level and the EWA integral will be minimized. According to equation (3), small EWA yields large BP. The correlation betweenF DA (t) and F RAC (t) will be referred to as corr(F DA (t), F RAC (t)). (3) BP declines linearly with EWA. This linear relationship emerges directly from equation (3), provided the components of m are constant. Ideally, the plot of BP as a function of EWA should be a line with slope m and intercept 1. For different tracers with different kinetics, the plots of BP versus EWA have been shown to be a collection of lines with different negative slopes all converging at [0, 1] . That is, they make a fan shape with a vertex at [0, 1] (see Morris and Yoder (2007) ).
Methods
Experimental data acquisition and pre-processing
Eight healthy social drinkers (all caucasians, 5 male, mean age = 23.8 years, SD = 4.03) signed informed consent statements agreeing to participate in the study, which was approved by the Indiana University Institutional Review Board. Each subject underwent three RAC PET scans across two days on an ECAT EXACT HR+ as part of a larger study (Kareken et al 2007) . For this purpose, we are modeling data only from the REST condition (day 1) and the ETOH (day 2) condition. The injected RAC activity was 14.136 ± 0.990 mCi, and the specific activity at time of injection was 1.0 ± 0.3 mCi µmol −1 . Briefly, the first scan (REST) was acquired while subjects received a lactated ringer's infusion (eyes open). The second scan (ETOH) was done under the same conditions, except that subjects received an unexpected iv infusion of 6% alcohol in lactated ringer's to target a breath alcohol concentration of 80mg% (Ramchandani et al 1999) , which was maintained until scan completion. Both lactated ringer's and alcohol infusion started, respectively, 4 min post-RAC injection.
The duration of each dynamic scan was 45 min (10 × 30 s, 40 × 1 min). Images were reconstructed using filtered backprojection with a 5 mm Hanning filter (FWHM was 9 mm at center of FOV). A T1-weighted MR image of each subject was acquired (1.5T GE Echospeed LX scanner). PET images were motion-corrected by co-registration of each frame to an early summed (10 min) PET image using Statistical Parametric Mapping 2 (SPM2) software (http://www.fil.ion.ucl.ac.uk/spm). The summed image was then co-registered to the subject's MR scan, and the resulting transformation matrix was applied to each PET image, individually. The MR image was normalized to the standardized Montreal Neurological Institute (MNI) coordinate system using the SPM2 default normalization parameters. The resulting transformation matrix was applied to the motion-corrected, co-registered PET data. The final interpolated voxel size of the transformed PET images was 2 mm × 2 mm × 2 mm. Twenty-four spherical regions of interest (ROI) were drawn on three major regions of the striatum: the Nucleus Accumbens (NAcc; 12 ROIs, 268 mm 3 each), the putamen (6 ROIs, 524 mm 3 ), and the caudate nucleus (6 ROIs, 524 mm 3 ). The regions were equally and symmetrically distributed between the two hemispheres of the brain. In addition, two boxshaped ROIs (450 mm 3 each) were placed on the left and right posterior cerebellum. The 26 ROIs were then projected onto the 50 dynamic PET images. Time-activity curves (TACs) were constructed using the average signal in each ROI at each time point. The TACs were decay-corrected and converted to molar concentration via the specific activity of RAC. We refer to the resulting curves in molar units as 'PET signals'. Each PET signal consists of a number of samples, equal to the number of time frames. As established previously , the non-parametric ntPET method requires data sampled at equally-spaced time intervals. To satisfy this requirement, every two 30-second frames at the beginning of the scan were averaged so that the resulting PET signals each contained 45 × 1 min-samples. In all, we used 26 PET signals (i.e. 26 ROIs = 26 signals) for each condition, REST and ETOH.
Simulated data
In order to illustrate the ideal behavior represented by each of our three hypotheses, we generated noiseless simulations of striatal RAC PET signals under REST and ETOH conditions. The simulations were performed using the enhanced compartmental model that accounts for the increase of an endogenous neurotransmitter and its competition for available receptor sites with an exogenous tracer . All curves were characterized by the same tracer kinetics (i.e., tracer parameters). The RAC kinetic parameters where the same ones used in Yoder et al (2004) , which were modified values of ones used in Pappata et al (2002) and in Endres and Carson (1998) . The values were K 1 = 0.0918 ml min . The F DA curves were simulated as gamma-variate functions as follows:
where Basal = 100 pmol ml
. . , 10] min, γ = 7000 pmol ml −1 . RAC injection occurs at t = 0. The DA parameters were chosen to generate multiple functions that had the same height and shape but different onset times, d, and therefore different peak times relative to RAC injection. An ideal cerebellum curve was also generated using the same parameters as those of striatal simulations, but with k on , Basal and γ equal to 0. The cerebellum serves as a D 2 receptor-free 'reference region' for calculation of BP (Logan et al 1996) . The TACs from the cerebellum are used in lieu of an arterial input function. The total duration of each simulated scan was 90 min and was made up of 540 acquisition frames (540 × 10 s). In addition, to illustrate the relationship between EWA and BP, we used simulated data generated for a recent publication from our group . The simulations were for 6 different sets of tracer kinetics for five different D 2 receptor ligands: RAC1 (parameters based on Pappata et al (2002) and Yoder et al (2004) ), RAC2 (parameters based on Endres and Carson (1998) 
Data analysis
Using non-parametric ntPET, we analyzed the experimental striatal ROI data for all 8 subjects and extractedF DA (t) signals from each subject's 24 ROIs. TheF DA (t) curves estimated by non-parametric ntPET typically contained multiple peaks and troughs. Therefore, we applied an objective procedure to identify the overall peak time as follows: eachF DA (t) signal was convolved (filtered) with a 10-min square kernel in order to identify the 10 min interval during which the integral of theF DA (t) signal was maximal. The peak time of eachF DA (t) was given by the peak time of the convolved signal. The width of the kernel was chosen to be consistent with the MMSE filter size (10 min), originally applied to extract theF DA (t) signal (see theory).
Binding potential for each striatal ROI was measured graphically using the Logan plot (Logan et al 1996) . The difference in binding potential was calculated as BP = BP The Kendall rank-correlation coefficient, τ , was used to test for the following relationships:
(1) the dependence of BP onF DA (t) peak time; specifically, whether BP decreased as the peak time increased; (2) the dependence of BP on the corr(F DA (t), F RAC (t)); specifically, whether BP increased with increasing corr(F DA (t), F RAC (t)).
Kendall τ (Kendall 1955 ) measures the degree of correspondence between two rankings, or the strength of association between two variables. We used this measure since it does not require the assumption that the relationship between the variables is linear. Rank-correlations were considered significant at p < 0.05. Trend-level (weak) correlations were defined as 0.05 < p < 0.1.
Since the true F RAC (t) was not available from our analysis, we used the cerebellum TAC, F RAC cereb (t) from the ETOH scan as an approximation of F RAC (t) in striatum. The corr F DA (t), F RAC cereb (t) was the correlation coefficient of each pair of curves, F DA (t), F RAC cereb (t) , and was calculated using Matlab function corrcoeff. It has been shown in Constantinescu et al (2007) of K DA d , which we assumed to be 100 nM. In other words, we enforced the condition that, at baseline, DA is 50% bound and 50% free, in line with the assumed basal DA concentration of 100 nM .
The relationship between BP and EWA from the human data was examined visually for consistency with the relationships seen with the simulated data from multiple tracers.
Identification of areas with alcohol-induced DA increase
In a recent work (Kareken et al 2007) our colleagues performed a voxel-wise analysis of the same subjects presented here to identify brain areas with significant changes in BP in response to the ETOH condition. In short, BP ND images were generated via graphical analysis for each scan (REST and ETOH), for each subject. Voxel-wise statistical analysis (paired t-test) of the differences in BP ND images between REST and ETOH conditions were conducted using SPM2. Relative to REST, the EtOH condition resulted in significantly (p < 0.005) decreased BP ND in the left ventral striatum, which contains the NAcc. The six spherical ROIs placed on the left NAcc covered the voxels of activation. Thus, we refer to these ROIs as the 'alcohol responding' ROIs. The remaining 18 ROIs are considered to be non-responding ROIs (i.e., no significant decrease in BP during IV alcohol). In the present study, we tested each of our three hypotheses onF DA (t) signals estimated from each of the 24 ROIs in each subject. We used the SPM study results as a guide to analyze the alcohol responding and non-responding ROIs separately. It was predicted thatF DA (t) curves in the responding regions would satisfy the postulated relationships, whileF DA (t) curves recovered from non-responding regions would be primarily a result of noise in the data, and therefore would not display the relationships described above.
Results
TheF
DA (t) signals extracted from both the responding and non-responding ROIs from each of the eight subjects are presented in figure 2. The sixF DA (t) signals extracted from the left NAcc ROIs for each subject are shown in figure 3 .
Simulated data were used to demonstrate the ideal behaviors of BP with respect to F DA peak time, corr(F DA (t), F RAC (t)), and EWA, and these data are presented in figure 4. The family of 10 F DA (t) used to simulate the PET data is shown in figure 4 (a). In figure 4(b), BP can be seen to decrease with the increasing F DA peak time. Note that this trend is not linear. The plot in figure 4(c) shows that BP is positively correlated with corr(F DA (t), F RAC (t)). Figure 4 (d) reveals linear relationships with negative slopes between BP and EWA, for each of six different tracers, as described previously . The particular slope is a function of the kinetic parameters of the given tracer. All the plotted lines appear to intercept the y-axis at [0, 1], the point on the graph that would occur at complete occupancy of all receptors. This condition is not realizable in real experiments or in simulations of transient and short-lived DA perturbations. Figure 5 shows plots of BP as a function of the peak time of theF DA (t) signals extracted from all the ROIs from all subjects (left panel), from the left NAcc (alcohol-responding) ROIs only (middle), and from non-responding ROIs (right). In all cases, only ROIs with positive BP were considered, because a positive value represents increased DA concentration, and the postulated relationships are defined only for conditions with positive BP. Thus, the number of data points that appear on each plot in figure 5 varies. Error bars for BP are also shown in the plots. The error in BP was estimated using propagation of uncertainties from the errors in BP (REST) and BP (ETOH) . The error in BP (REST) was computed based on the inter-subject standard deviation of all measurements of BP (REST) (n = 8) for each respective ROI. The mean error for BP (ETOH) was assumed equal to that of BP (REST) . When all regions were considered, the rank-correlation between BP and peak time ofF DA (t) was not significant (τ = -0.0184, p = 0.7889). However, the correlation was significant when only alcohol-responding regions were analyzed (τ = −0.2544, p = 0.0411). There was no significant relationship between peak times recovered from non-responding regions and BP (τ = 0.0937, p = 0.2654). Figure 6 shows a plot of BP as a function of the correlations in time between the extracted F DA (t) signals and our approximation of F RAC (t) (i.e., the cerebellum TACs, F RAC cereb (t)). As in figure 5, only data with positive BP were considered. When all regions were considered together, there was no significant relationship between of BP and corr(F DA (t), F RAC cereb (t) (τ = 0.1138, p = 0.0820); figure 6(a) ). For the responding regions ( figure 6(b) ), the rank-correlation was significant (τ = 0.2437, p = 0.0402), whereas within the non-responding regions (figure 6(c)) no significant relationship between BP and corr F DA (t), F RAC cereb (t) was observed (τ = 0.0122, p = 0.8826). Note that in figures 5 and 6 the displayed lines are a best fit to all the points, but the Kendall rank-correlation coefficient does not require a linear relationship. Figure 7 shows plots of BP as a function of EWA. Again, only ROIs with positive BP were considered. Note the 'fan-like' appearance of the plots, which is consistent with the simulated data in figure 4(d).
Discussion
Dependence of BP on the F DA peak time
As predicted by theory (equation (3)), BP was negatively correlated with the peak time of free DA concentration. Interestingly, the rank-correlation was not significant when all striatal were included in the analysis. The rank-correlation was significant for ROIs from the left Nacc alone, a region which had previously been identified by conventional voxel-wise analysis of the same subjects as presenting significant increases in DA concentration (Kareken et al 2007) . The left NAcc is the site of increased DA concentration in these subjects, which may explain why a significant inverse relationship between BP andF DA (t) peak time was detected only in the left NAcc ROIs. Thus, we interpretF DA (t) signals from all other ROIs as being random signals caused by noise. Observation of the predicted dependence of BP onF DA (t) peak time only in the left NAcc supports the idea that we have extracted bona fide temporal information on DA release for that region.
The estimated peak times span a wide range despite a common start time for alcohol delivery for all subjects (figures 2 and 3). This result could be explained by the fact that the alcohol was infused over an extended period of time, so the stimulus did not occur at a single instant in time. The variability in the response of different subjects may be an inherent characteristic of alcohol. ROIs not responding to alcohol. Data from eight subjects receiving IV alcohol were included. Only data with positive BP and EWA were considered. Lines were added strictly as a visual aid.
Correlation of BP with corr(F
The second validation test of nonparametric ntPET showed that BP was significantly increased with greater correlation between theF DA (t) and F RAC cereb (t) signals in the left NAcc ROIs. When all ROIs were analyzed together or just the non-responding ROIs were analyzed, there were no associations between BP and corr F DA (t), F RAC cereb (t) . It is important to note that we used the cerebellum curve from the ETOH scan as an approximation to the F RAC (t) curve which cannot be measured directly without a plasma input function. The cerebellum is essentially devoid of DA receptors, and thus, the cerebellum curve is often used as an acceptable approximation of the free RAC curve. However, in the striatum, RAC and endogenous DA compete for the same receptor sites, and as such, the kinetics of free RAC and free DA are coupled. Figure 8 compares a 'true' simulated striatal F RAC (t) with both a simulated and a measured F RAC cereb (t). Transient increases in DA cause bound RAC to dissociate from the receptor sites so F RAC (t) increases transiently during the scan. This can be seen as a short-lived upward inflection in the F RAC (t) curve at about 22 min. There is no corresponding inflection on the cerebellum curves. Thus, the cerebellum is only a poor estimate of striatal F RAC (t), and we might expect that the correlations in time between the striatalF DA (t) signals and F RAC cereb (t) would be weak, at best. Although a significant relationship was detected between BP and corr F DA (t), F RAC cereb (t) in the left NAcc, we suspect that the strength of this association is slightly underestimated since F RAC cereb (t) is not very faithful to the true F RAC (t).
BP versus EWA
The third assessment of the free DA signals recovered from nonparametric ntPET yielded a qualitative indication of the dependence of the measured BP on the calculated EWA (figure 7). It can be seen from the data presented in figure 4(d) that under ideal conditions (noiseless data, with limited or no kinetic variability across regions), BP varies linearly with EWA for a given set of kinetic parameters. However, we also note that the integral in the expression of m from equation (3) has limits of 0 and infinity, while in the case of our experimental data we integrated only from 0 to 45 min (the duration of RAC scan). In practice, we cannot integrate from zero to infinity because the PET scan duration is finite. The short integration interval should have limited impact on the linearity between BP and EWA if the DA and RAC concentrations have returned to baseline and zero, respectively, by the end of the scan. On the other hand, the integral ∞ 0 F RAC (t) dt is a function of PET scan, depending on the injected dose and RAC kinetics, and will vary from subject to subject. The large spread in the slope presented in the plot could be explained in part by considering that data from all subjects was included and thus the slope m varies. Nonetheless, the observation of the 'fan' indicated by the lines on the plots in figure 7 suggests behavior consistent with the theory-based expectations illustrated in figure 4(d).
Limitations
There are a number of limiting factors that cause the experimental data to depart from the ideal behaviors depicted in figure 4 . Timing of the DA response is not the only factor that affects BP. As can be seen in equation (3), BP is a complex measure that is a function of both tracer and neurotransmitter concentrations. A sufficiently large but late F DA peak could generate a larger BP than a smaller peak occurring earlier.
The measurement of BP with a graphical method assumes that the system reaches a pseudo-steady-state during the scan. Due to the presence of time-varying neurotransmitter concentration, this requirement may not fully be satisfied. Because we used a fixed cutoff (25 min) for the Logan plots, the measured BP ND may not be accurate for those TACs that did not satisfy the pseudo-steady state requirements of the Logan plot, most likely to be invalidated by late DA perturbations.
1 min frames used in this study are not typical for dynamic PET experiments. The short acquisition frames are necessary to achieve good temporal resolution but they may lead to poor counting statistics. Nevertheless, our previous study with realistic noisy simulations indicated that the method performs well with 1-min frames. Luckily, access to list-mode data enables the end-user to reconstruct the PET images with whatever frame time represents best tradeoff scenario between temporal resolution and counting statistics.
Final remarks
DA signals recovered with nonparametric ntPET from eight human subjects receiving IV alcohol appeared to adhere to three proposed validation hypotheses. These three relationships were postulated based on the theory of how BP varies with both tracer and neurotransmitter fluctuations.
Our results for left NAcc are consistent with the theory that an unexpected reward (in this case unexpected alcohol) causes an increase in firing of dopaminergic neurons in the striatum (Mirenowicz and Schultz 1994 , Schultz et al 2000 , Pan et al 2005 . The demonstrated consistency of the estimated F DA signals with the predicted relationships lends support to the utility of our non-parametric ntPET method for estimating neurotransmitter behavior from paired bolus PET studies.
